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Intro/Background/Purpose

- Hypersonic flow regimes present unique challenges for 
flight systems: reentry crafts, hypersonic vehicles

- Extreme temperatures, pressures, heat loads
- Careful materials selection, thermal & structures tightly coupled, crucial for success of 

mission
- Understanding heat rates, total heat load → TPS sizing → mass budgets

- Variations in geometry cause a large effect on these design parameters
- Blunt body vs. sharp leading edge
- Blunt body detached the shock wave, decreases 

temperature gradients 
- For conceptual design and analysis of reentry systems, 

can model the windward side of the vehicle as 
sphere with radius Rn

- Blunter body = stronger shock → better energy dissipation
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How can we quickly model our blunt body?

- Analytical solutions for hypersonic flow are elusive
- Easily accessible shock relations for supersonic flow 

do not hold at M>>1
- Air at high temperatures: molecular dissociation and ionization become 

significant
- Chemical reactions and equilibrium states must be computed to more accurately model the 

flow downstream of the hypersonic show wave
- Understanding flow properties downstream of the

shock can help predict approximate stagnation point heating 
- Approximation methods exist, but require boundary layer edge conditions, to 

find these, the downstream-shock conditions are required
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Purpose

● Approximation methods such as Fay-Riddel Method - derived from boundary 
layer and stagnation point theories. Greatly simplify the problem, but..

● Many quantities still unknown - properties at the boundary layer edge.

● As a student, high fidelity CFD tools are not readily accessible, nor are they 
the best tool for the job - conceptual design, preliminary design

● The purpose of this tool is to provide a fast, low compute power hypersonic 
normal shock wave flow properties calculator that approximates stagnation 
point heating for a blunt body (sphere) with some nose cone radius Rn
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Laminar Boundary Stagnation Point heating 

2D Flow 

Result very similar to 
Fay Riddler Method 

Van Driest, E. R., “The Problem 
of Aerodynamic Heating,”
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How to find downstream properties?

Can find boundary layer edge conditions using numerical solver. 
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Physics, assumptions for solver

- Bow shock approximated as normal shock wave
- Laminar Compressible boundary layer at stagnation point 
- Nonisentropic process
- Adiabatic across shock wave, conservation of total temperature
- Implementing chemical equilibrium chemistry allowing for infinite time for gas 

to reach equilibrium
- Adiabatic wall, wall temperature constant
- Air made up of N2 and O2
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Governing Equations

Conservation of Mass

Conservation of Momentum

Conservation of Energy

Solve for downstream conditions as 
function of a thermodynamic ratio, in 
this case the density ratio 
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Governing Equations

Conservation of Mass

Conservation of Momentum

Conservation of Energy

Using variable x, we now have:
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How to solve for x?

● Given x is the ratio of density upstream to 
downstream of the shock, if we can find a solution 
for ⍴1/⍴2 the rest of the thermodynamic values can 
be computed

● But first: reactive chemistry due to high 
temperatures!

● Knowing any of the variables on the right, we 
can uniquely define the chemistry composition

● Let's assume air is made of N2 and O2
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Reactions occurring in this model

● Thermally perfect gas 
● Enthalpy and Energy functions of T
● Enthalpy/internal energy functions of hi and 

ei  (each species of gas i)

Where 𝜈𝑖 is the stoichiometric mole number 
associated with species
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Gibbs Free Energy

Set Gibbs free energy to zero (equilibrium)

𝜈i is the stoichiometric mole 
number associated with species

Knowing equilibrium constant KP at any
temperature we can solve for pi 

Knowing pi (or mole fraction, etc) we know the 
unique chemical composition of the equilibrated 
gas 
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Gathering thermodynamic data

Used data found in: McBride, B. J., Heimmel, S., Ehlers, J. G., and Gordon, S., 
Thermodynamic Properties to 6000 K for 210 Substances involving the first 18 
elements, SP-3001, National Aeronautics and Space Administration (NASA), 
1963.

- H(T), S(T) → can find KP(T) 
- Curve fit this data
- Data only provided up to 6000K (discussion on this later)
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Kp Curve fits

Used python: scipy.optimize import curve_fit

Function: KP(T)  = A*exp(B*T) + C

Fitted KP(T) for the reaction data available for N2 → 2N, O2 → 2O, NO → N + O
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Knowing Kp for given T gives…

4 equations, 7 unknowns  → 
 Need to introduce 3 more 
equations (conservation of 

atomic nitrogen, oxygen, charge)

Plug Kp equations into 
conservation of atomic nitrogen 

and oxygen equations to 
produce:

Finding positive root with initial 
values for X*N2,O2we can get 

values for XO and XN
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Results of Chemistry Solver 

Anderson “Hypersonic and High Temperature 
Gas Dynamics”

Tested at 1atm constant pressure. Results good but slightly off, 
this is most likely due to the curve fits on the thermodynamics 
data for each reaction, species.
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Knowing solution for XO and XN  gives …

So knowing mole fractions, (or 
partial pressures, other intensive 
variables) we know the properties 
of the gas mixture

Knowing a value for ⍴ (or in our 
case ⍴2) can be plugged into the 
conservation equations that were 
derived earlier (functions of x 
where x = ⍴1/⍴2
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How to converge a solution on x?

The total enthalpy downstream of the shock is equal to the sensible enthalpy plus 
the enthalpy of formation for each species plus the (½)𝑢2 contribution, weighted by 
each species mole fraction 𝜂𝑖 

Need to know sensible enthalpy of each gas species, enthalpy of formation for 
each gas species 

Change in zero-point energy is 
the standard heat of formation for 
that gas species, data fitted as 
function of Temperature



TFAWS 2023 August 24, 2023

Heat of Formation Curve fits (data extracted from same 
thermodynamic properties table from before)
Data for (ΔHf)i

o fit using 3rd degree polynomial
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Heat of Formation Curve fits (data extracted from same 
thermodynamic properties table from before)
Data for (ΔHf)i
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Chemical Composition solver (inputs T, P)

● Average 7 iterations per solution
● Example, 300K → 6000K, 50 cases 

Total compute time 1.10 seconds
● Example output of Solve_chemistry(T,P) function
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Use Chemistry Solver inside static enthalpy computation

Where:



TFAWS 2023 August 24, 2023

Use Chemistry Solver inside static enthalpy computation

T = 3000K, 
P = 1 atm



TFAWS 2023 August 24, 2023

4.    Compute Final Properties:
a. Determine downstream 

temperature, density, pressure, 
and other properties.

5.    Return:
a. Density ratio, enthalpy difference 

(for convergence check), and 
downstream properties.

How the solver works
1. Initialization:

a. Compute free stream conditions: 
enthalpy, density, velocity.

2. Define Residual Function:
a. Calculate difference between 

computed and thermally perfect 
enthalpy downstream. (use 
chemical iterative solver)

3. Iterative Solution:
a. Secant method converges 

solution for density ratio (x)
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Residual Function 

Define residual function f(x) 

Input: x (initial guess)

Return: residual (h2 - h2_thermally_perfect) where h2 is computed using 
conservation of equation and knowing initial h1 and velocity u1, and an initial 
guess for x. NEW VALUES FOR T2 and P2 generated → chemistry solver → 
hmixture

h2(x) - h2_mixture= residual. Minimize residual using secant method
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Secant Method
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Solver Example

INPUTS: Outputs:
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Solver Example

INPUTS:
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Mole Mass Ratios of gas species vs. Mach

Altitude = 25,000 meters 

Mach varied from 3 → 40

T1, P1 and ⍴1 held constant, 
calculated using atm1976 
function in code that takes in 
argument (h = altitude 
meters) returns T, P, ⍴
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T2/T1 vs V∞ with varied freestream atmospheric pressure

Comparison to plot in Anderson textbook
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T2 vs free stream velocity at varying atmospheric altitude

Here is the code used as the 
input for the calculator for 
example 

Mach_numbers = np.linspace(3, 27, 
30)

altitudes = 
np.linspace(5000,92000,5)

The altitudes feed into atm1976 
function to produce freestream 
conditions 
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T2 vs free stream velocity at varying atmospheric altitude

Better trend up until 7000-8000 K (due to Kp and delta H curve fits?)

20,000 ft/s = 6096 m/s

Anderson “Hypersonic and 
High-Temperature and Gas 
Dynamics”
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Heat Flux

Fay - Riddler Method/ Van Driest method gives the 
following solution for sphere with compressible 
laminar boundary layer behind hypersonic normal 
shock

Where we can plug in our numerically computed 
values where edge conditions are assumed to be 
equal to downstream (subscript 2) conditions

In the code, the adiabatic wall 
temperature can be set by the 
user.

Tw = constant set by user

R_n = set by user (radius of 
spherical blunt body in meters)
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Results, comparisons
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Results, Comparison

Compare to Apollo test data
Rn = 4.69, velocity = 10.4 km/s, Tw = 5000K

Peak stagnation (test data) = 527 W/cm^2

Calculator = 622 W/cm^2
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Results. Heat flux as function of altitude and Mach 

Note, 100 test cases took 
1.20seconds to complete.
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Contributions

- Provide students in engineering with an easy to access, easy to use tool to 
approximate hypersonic shock layer flow conditions and the stagnation point 
heating on a spherical blunt body nose cone

- Having preliminary values for temperature, pressure, density, heat rates can 
help determine preliminary TPS sizing, vehicle sizing, mass constraints, etc

- Allows to rapidly perform systems trade studies

- Open source with contribution welcome!
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Future work 

- Implement better data and thus curve fits for chemistry reactions
- Clean up bugs
- Improve user experience, usability
- Convert functions into classes and create callable python library
- Add shear stress calculations
- Improve calculations by computing gamma(T) downstream of shock
- Push revised version to github for public access 

https://github.com/antonkulinich/Reentry-Peak-Heating-Python-Anton-Kulinich
-TFWS

https://github.com/antonkulinich/Reentry-Peak-Heating-Python-Anton-Kulinich-TFWS
https://github.com/antonkulinich/Reentry-Peak-Heating-Python-Anton-Kulinich-TFWS
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